1. Three synthetic substrates of cathepsin B (EC 3.4.22.1) with various amino acid residues at the P2 position (Cbz-PheArg-NH-Mec, Cbz-Arg-Arg-NH-Mec and Cbz-Cit-Arg-NH-Mec, where Cbz represents benzyloxycarbonyl and NH-Mec represents 4-methylcoumarin-7-ylamide) were used to investigate the pH-dependency of cathepsin B-catalysed hydrolyses and to obtain information on the nature of enzyme-substrate interactions. 2. Non-linear-regression analysis of pH-activity profiles for these substrates indicates that at least four ionizable groups on cathepsin B with pKa values of 3.3, 4.55, 5.46 and > 7.3 can affect the rate of substrate hydrolysis. 3. Ionization of the residue with a pKa of 5.46 has a strong effect on activity towards the substrate with an arginine in P2 (8.4-fold increase in activity) but has only a moderate effect on the rate of hydrolysis with Cbz-Cit-Arg-NH-Mec (2.3-fold increase in activity) and virtually no effect with Cbz-Phe-Arg-NH-Mec. The kinetic data are consistent with this group being an acid residue with a side chain able to interact with the side chains of an arginine or a citrulline in the P2 position of a substrate. Amino acid sequence alignment and model building with the related enzyme papain (EC 3.4.22.2) 
INTRODUCTION
Cathepsin B (EC 3.4.22.1) is a lysosomal cysteine proteinase that has been isolated from many mammalian tissues, including human liver (Barrett, 1977) . Much of the information on the mechanism of cathepsin B has been obtained through comparisons with the well characterized cysteine proteinase papain (EC 3.4.22.2) . Alignment and comparison of the sequences of related cysteine proteinases suggest similar threedimensional structures for cathepsin B and papain (Kamphuis et al., 1985; Dufour, 1988) . Even though the basic features of the mechanisms are similar, major differences exist between the two enzymes. Cathepsin B is both an endopeptidase and a dipeptidyl carboxydipeptidase, whereas papain works exclusively as an endopeptidase (Aronson & Barrett, 1978; Bond & Barrett, 1980; McKay et al., 1983; Mason, 1989) . The specificities of the two enzymes are also somewhat different. Papain shows a marked preference for peptides with a bulky non-polar side chain, especially L-phenylalanine, on the N-terminal side of the amino acid containing the peptide bond being hydrolysed, i.e. at the P2 position (Berger & Schechter, 1970) . This specificity is attributed to interaction of the phenylalanine side chain with hydrophobic residues at the S2 subsite of papain, mainly and (Drenth et al., 1976) . (Cathepsin B numbering is used throughout the text except for residues of papain, where the position number for papain is followed in parentheses by the corresponding number for cathepsin B.) Cathepsin B activity towards substrates with a P2 phenylalanine residue is still very high, but the enzyme also has a strong affinity for substrates with an arginine residue at the P2 position, such as Cbz-Arg-Arg-NHNap and Cbz-Arg-Arg-NH-Mec (Barrett & Kirschke, 1981) .
Ionization of a group with a pKa of about 5.4, which is not observed in papain, seems to be essential for activity towards substrates such as Cbz-Arg-Arg-NH-Nap (Knight, 1980) . On the basis of this result and the observed increase of activity towards reactivity probes by a deprotonation with a pKa of 3.4, it has been proposed that formation of the catalytic thiolateimidazolium ion-pair, which is believed to be the active form of papain and cathepsin B, is a necessary but not sufficient condition for catalysis by cathepsin B (Willenbrock & Brocklehurst, 1984 . Cathepsin B, however, is active at low pH towards other substrates (Bajkowski & Frankfater, 1983; Katunuma et al., 1983; Hirao et al., 1984) and ionization of the group with a pKa of about 5.4 is observed only when an arginine residue is present at the P2 position of the substrate under study.
We have used a systematic approach to characterize the S2 binding-site specificity of cathepsin B, based on three synthetic substrates of the enzyme. These substrates are of the type CbzXaa-Arg-NH-Mec, where Xaa represents L-phenylalanine, Larginine or L-citrulline. The use of the citrulline derivative, which is isosteric with arginine but carries a neutral ureido group instead of a positively charged guanidino group, allows evaluation of electrostatic contributions to enzyme-substrate interactions in the S2 subsite of cathepsin B. We report here the detailed kinetic characterization of the influence of pH on the activity of cathepsin B towards these three substrates.
Abbreviations used: DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); Cbz-Phe-Arg-NH-Mec, benzyloxycarbonyl-L-phenylalanyl-L-arginine 4-methylcoumarin-7-ylamide; Cbz-Arg-Arg-NH-Mec, benzyloxycarbonyl-L-arginyl-L-arginine 4-methylcoumarin-7-ylamide; Cbz-Arg-Arg-NH-Nap, benzyloxycarbonyl-L-arginyl-L-arginine 2-naphthylamide; Cbz-Cit-Arg-NH-Mec, benzyloxycarbonyl-L-citrullyl-L-arginine 4-methylcoumarin-7-ylamide; E-64, 2-{[(L-trans-3-carboxy-2,3-epoxypropionyl)-L-leucyl]amino}-4-guanidinobutane; NH2-Mec, 7-amino-4-methylcoumarin.
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MATERIALS AND METHODS Materials Cathepsin B was isolated and purified from human liver by following the procedure of Rich et al. (1986) . The enzyme was activated by incubation with 100 mM-phosphate buffer, pH 6.0, containing 0.4 M-NaCl, 10 mM-EDTA and 20 mM-dithiothreitol for 1 h. Papain from Sigma Chemical Co. (St. Louis, MO, U.S.A.) was purified by using a mercurial-agarose column (Sluyterman & Wijdenes, 1970) . Addition of 2-mercaptoethanol followed by gel filtration 
Kinetic measurements
The concentration of cathepsin B was determined by activesite titration with E-64 as described previously (Menard et al., 1990) . For papain, titration with DTNB according to the method described by Ellman (1959) was used to obtain the concentration of active enzyme., Kinetic measurements were performed by Model 1: monitoring the fluorescence of NH2-Mec released during hydrolysis of the substrate, as described previously (Menard et al., 1990 experiments carried out at 5 % acetonitrile were used for quantitative analysis, since better estimation of the kinetic parameters ; can be obtained under those conditions. In 5 % acetonitrile the pH-activity profile for Cbz-Phe-Arg-NH-Mec is best described 3 4 5 6 7 8 by Model 3, where the activity is modulated by three ionizable pH groups leading to three species of increasing reactivity. This is Fig. 3 . pH-dependence of (kCatI/Km)ob for the reactions of cathepsin B at 5 % acetonitrile with (a) Cbz-Phe-Arg-NH-Mec, (b) Cbz-Arg-Arg-NH-Mec and (c) Cbz-Cit-Arg-NH-Mec The points represent experimental data and the continuous lines correspond to the best fit of the data (up to pH 6.5) to eqn. (3). Kinetic parameters were obtained by simultaneous non-linear regression of the pH-activity data at pH < 6.5 for all three substrates as described in the text and are given in Table 2 .
The same type of analysis was performed with the substrates Cbz-Arg-Arg-NH-Mec and Cbz-Cit-Arg-NH-Mec and the results are given in Table 1 . The pH-activity data are presented in Fig. 3 . The pH-dependence of activity with Cbz-Arg-Arg-NHMec is somewhat less complex than what is observed with the substrate containing a phenylalanine residue in P2, and the minimum model describing the pH-activity data is Model 2, which considers two ionizable groups and two reactive forms of the enzyme. The data can also be described by Model 3, with kcat./Kmi kat./Km,2. A major increase in activity is observed upon ionization of a residue with an apparent PKa of 5.4. This group does not seem to be involved in hydrolysis of Cbz-PheArg-NH-Mec since the corresponding pH-activity profile does not show a similar transition with a PKa of about 5.4. The citrulline residue in Cbz-Cit-Arg-NH-Mec is isosteric with arginine but lacks the positive charge on the side chain. Nonlinear regression of the experimental data to eqns. (I)- (3) indicates that the pH behaviour of this substrate is best described by the same model as that for Cbz-Phe-Arg-NH-Mec, i.e. Cbz-Cit-Arg-NH-Mec with papain are much simpler (Fig. 4) Fig. 4 also shows that for papain, the activity decreases at pH > 7.5 due to deprotonation of the catalytic residue (Menard et al., 1990) . A similar effect is probable in the case of cathepsin B but cannot be measured owing to rapid enzyme inactivation at high pH. Analysis of the full pH-activity profiles for papain as described previously (Menard et al., 1990) allows determination of the PKa for (Fersht, 1985) . This was observed in the case of papain (Fig. 4) . However, as shown in Table 1 and Fig. 3 Rather than fitting the pH-activity profiles for each substrate individually, the parameters describing Model 4 were determined by curve-fitting the data for cathepsin B pH-activity profiles of the three substrates simultaneously to eqn. (3). This makes maximum use of the data and allows us to get more precise estimates of the parameters and to verify if pH-activity profiles for all three substrates can be accounted for by a single model. This was performed by using an improved version of the nonlinear-regression program of Duggleby (1989) . The data contained two independent variables: the pH and a second 'indicator' variable, which was equal to I for Cbz-Phe-Arg-NHMec, 2 for Cbz-Arg-Arg-NH-Mec and 3 for Cbz-Cit-Arg-NHMec. The data were also normalized to give equal importance to all substrates in the regression procedure. However, there is still a large number of parameters to adjust: three pKa values (pK1, pK, and pK3) and nine values of kcat /Km (three values for each substrate). Therefore, in a first round of curve-fitting, the pK. values were held constant at the apparent pKa values reported in (Table 2) . It was shown also that experimental conditions, in this case the acetonitrile concentration, can complicate the interpretation of pH-activity profiles because of differential solvent effects on the PKa values and reactivities of the various enzyme species involved (see Fig. 1 ). It is therefore not surprising that widely varying pH-activity profiles have been reported in the literature for different substrates (Knight, 1980; Bajkowski & Frankfater, 1983; Katunuma et al., 1983; Hirao et al., 1984; Willenbrock & Brocklehurst, 1984) . The most striking differences between pH-activity profiles of cathepsin B and papain is the presence of a group with a PKa of about 5.4 modulating the activity of the former enzyme towards substrates bearing an arginine residue in P2. From our study, we can add that ionization of this residue also has a moderate effect on the rate of hydrolysis of Cbz-Cit-Arg-NH-Mec and virtually no effect on Cbz-Phe-Arg-NH-Mec. This must reflect the particular amino acid composition of the S2 subsite of cathepsin B.
Comparison of the amino acid sequences of papain and cathepsin B indicates that Ser-205(245) located in the hydrophobic cavity of papain is replaced by a glutamic acid residue in human cathepsin B. By use of the crystal structure of papain and molecular graphics, it can be seen that if residue 205(245), which is located in the back of the cavity, is a glutamic acid residue it will be in a position to interact with the side chain of a bound substrate containing an arginine (or a citrulline) residue in the P2 position. It is thus possible that the affinity of cathepsin B for substrates bearing an arginine in P2 could be due to an interaction between this glutamic acid residue and the positively charged side chain of arginine. The PKa of 5.46 determined for this residue in our study is a reasonable value for a glutamic acid residue in a hydrophobic environment. As shown in Table 2 The use of the synthetic substrate Cbz-Cit-Arg-NH-Mec is instrumental in understanding the system. It allows us to state that four ionizable groups modulate the activity of cathepsin B for the reactions considered in this study and it is essential for obtaining reasonably precise estimates of the parameters describing the system. Since the citrulline residue is isosteric with arginine but lacks the positive charge on the side chain, it can also be used to evaluate the contribution of electrostatic interactions in the enzyme-substrate systems. As seen in Table 2 , the ratios of the specificity constants for the citrulline and arginine derivatives [kcat/Km (Cbz-Cit-Arg-NH-Mec/keat/Km (Cbz-Arg-Arg-NH-Mec)] are 7.0 and 7.7 for enzyme forms EH4 and EH3 respectively, where Glu-245 is present as the neutral acid form. This ratio is relatively high if we consider that the difference between the two substrates is that arginine forms a charged hydrogen bond with Glu-245 whereas citrulline forms a non-charged hydrogen bond. This suggests that the positive charge on the arginine side chain interacts unfavourably with other residues in the S2 subsite. When the side chain of Glu-245 is deprotonated and negatively charged (i.e. enzyme form EH2) this ratio becomes 2.0, which shows that the electrostatic contributions to the binding of Cbz-Arg-Arg-NH-Mec are important and can partly overcome the unfavourable effect of the positively charged guanidinium group of arginine.
It has been suggested that a single group with a pKa of about 5.5 controls the pH-dependence of both exo-and endo-peptidase activities of cathepsin B (Polgar & Csoma, 1987) . However, subsite specificity was not considered in choosing the substrates used for monitoring exo-and endo-peptidase activities (glycine in P2 for the exopeptidase substrate and arginine in P2 for the endopeptidase substrate), and the influence of pH could reflect different phenomena for these two substrates. Polgair & Csoma (1987) also proposed that at pH > 5.5 the carboxylate side chains of Glu-171 and Glu-245 interact with the positively charged guanidinium group of Arg-202, keeping it away from the thiolate-imidazolium ion-pair of cathepsin B. Below pH 5.5, however, the Arg-202 side chain would move closer to the thiolate ion of Cys-29, causing a perturbation of the active-site ion-pair that would affect the relative exo-and endo-peptidase activities. If such a perturbation of the ion pair occurs, it should also influence the kinetic parameters with the substrate Cbz-PheArg-NH-Mec. Since hydrolysis of this substrate is not affected by ionization of the group with a pKa of 5.46, this hypothesis does not seem to be valid.
The nature of the other ionizations observed in our study is not as well understood. For all three substrates, activity appears after ionization of a group with a PKa of 3.3. This PKa probably reflects ionization of the active-site Cys-29 leading to the thiolate-imidazolium form of cathepsin B. This is in agreement with the value of 3.4 proposed by Willenbrock & Brocklehurst (1984) for ionization of Cys-29, based on the pH-dependence of the reaction of cathepsin B towards 2,2'-dipyridyl disulphide. The activity of cathepsin B is modulated by an additional group with a PKa of 4.55 that cannot be attributed to any particular amino acid residue at the moment. The residue in cathepsin B with a pKa higher than 7.3 is also unknown. Ionization of this Received 22 August 1990/9 November 1990; accepted 15 November 1990 group leads to an enzyme form of higher activity towards all three substrates studied. This increase in activity at high pH has been observed previously for cathepsin B (Willenbrock & Brocklehurst, 1985) , but is not present with the enzyme papain and constitutes another major difference between cathepsin Band papain-catalysed hydrolyses. The presence of many ionizing groups affecting the activity of cathepsin B is not surprising if we consider that cathepsin B contains 40 residues with side chains that could ionize in the pH range 3-10 (13 aspartic acid, 18 glutamic acid and nine histidine residues) whereas papain has only 18 such residues (six aspartic acid, ten glutamic acid and two histidine residues). In addition, cathepsin B contains two cysteine residues not involved in disulphide bridges (one of them being the active-site Cys-29) whereas in papain only the activesite cysteine residue is free. The pH-dependence of cathepsin B is therefore much more complex and difficult to understand. Sitedirected mutagenesis has been used to produce variants of cathepsin B and papain that are at present being characterized in our group. Results of these studies should lead to a better understanding of this complex system.
